Introduction
The biologic activity of a group of proteins termed colony stimulating factors was~rst described three decades ago when it was demonstrated that the growth of bone marrow cells in culture could be promoted by soluble factors derived from other host cells [5, 28] . Subsequent work revealed bacterial lipopolysaccharide to be a potent stimulus for colony stimulating factor activity, and led to the isolation of granulocyte colony-stimulating factor (G-CSF) from the lungs of mice that had been challenged with endotoxin [46] . In contrast to other colony-stimulating factors, G-CSF only promoted the neutrophilic differentiation of hematopoietic stem cells.
Biologic Properties of Human G-CSF
Human G-CSF is encoded by a single gene located on chromosome 17q and released as an 18 kD glycosylated protein comprising 174 amino acids [9] . G-CSF is part of a larger family of hematopoietic cytokines that includes interleukin 3 and granulocyte-macrophage colony-stimulating factor (GM-CSF). It is synthesized by a variety of cells including macrophages,~broblasts, and endothelial cells, and gene expression is upregulated by key pro-in_ammatory cytokines such as TNF and IL-1 [45] .
In health, G-CSF is undetectable in the circulation, or present at levels of 30 pg/ml or less. Acute increases in plasma G-CSF concentration occur during acute infections, with circulating levels attaining nanogram values [8, 32] .
The biologic effects of G-CSF result from the interaction of the circulating cytokine with its speci~c cell surface receptor, a homodimeric protein with a molecular weight of 140 kD. The G-CSF receptor is a member of a large family of cytokine receptors that includes receptors for interleukins 2 through 7, 9, 11, and 12, as well as the receptors for GM-CSF, erythropoietin, growth hormone, ciliary neurotrophic factor, and leukemia inhibitory factor [3] . The receptor is a single transmembrane protein of 813 amino acids. The extracellular region of the molecule contains an immunoglobulin-like sequence, a cytokine receptor homologous region, and three~bronectin domains. The intracellular tail con-tains a sequence homologous to the gp130 protein that transduces IL-6 signals, and two distinct regions called boxes that transduce the mitogenic activity of the cytokine [3] . There are approximately 300 to 1000 G-CSF receptors on each human neutrophil [45] .
Physiologic and Pharmacologic Effects of G-CSF
G-CSF exerts multiple overlapping biologic activities whose net effect is the stimulation of the release of polymorphonuclear neutrophils from the bone marrow, their activation for enhanced phagocytosis and killing, and the prolongation of their survival through the inhibition of spontaneous neutrophil programmed cell death ( Table 1) .
The distinctive biologic activities of G-CSF in vivo have been revealed by analysis of mice in which the gene for G-CSF has been deleted in the embryonic stem cells. These G-CSF knockout mice show circulating neutropenia, and reduced numbers of granulocytic precursors in the bone marrow. Their lifespan is shorter than that of their wild-type littermates, and they are prone to the development of systemic amyloidosis [39] ; their ability to withstand an infectious challenge is severely compromised [39, 58] . Similarly mice in which the G-CSF receptor has been deleted manifest defects in the expression of granulopoiesis and in the mobilization of hematopoietic precursors from the bone marrow [39] . Nonetheless the phenotypic defect is a survivable one, whose consequences are limited to the activation of a neutrophilic response.
Recombinant G-CSF has been produced in both a glycosylated (lenograstim) and a non-glycosylated (~lgrastim) form [2] . More recently, a synthetic non-protein small molecule having high af~nity for the murine G-CSF receptor, and producing the biologic effects of native -CSF has been developed [64] . Recombinant G-CSF can be given intravenously or subcutaneously; maximal levels are observed 2 hours after administration, however the cytokine is cleared slowly, and can be detected in the circulation 24 hours after administration.
G-CSF has found a clinical niche in the management of the neutropenic patient. Its evaluation in infection and acute in_ammation is ongoing. In a small non-randomized trial of twenty septic patients, Ishikawa et al reported increased numbers of circulating neutrophils, but a reduction in levels of C reactive protein, IL-6, and IL-8 in G-CSF-treated patients [30] . A recent phase II randomized trial of 61 patients reported that prophylactic administration of G-CSF to patients with head injury or intracerebral bleeds resulted in increases in neutrophil count, and a reduction in primary bacteremias, with no effect on rates of pneumonia or urinary tract infection, and no impact on mortality or length of stay in the ICU [24] . Despite the predicted toxicity in the patient with neutrophilia, worsening of clinical in_ammation has not generally been observed, although a published case report suggests deterioration of ARDS during G-CSF therapy [56] .
The experimental pro~le of the effects of G-CSF would suggest that the cytokine would be of most therapeutic bene~t in clinical conditions in which neutrophil numbers were reduced, or where neutrophil activation and microbicidal function were impaired. In contrast, it might be predicted that G-CSF would induce tissue injury and clinical harm in disorders in which local activation of neutrophils was pathologic, for example rheumatoid arthritis, in_ammatory bowel disease, or ARDS. Thus it would appear intuitively desirable that the presence of infection be documented, and the neutrophil activational state be measurable and monitored during therapy with G-CSF. These predictions, based on the biology of G-CSF, were evaluated through a systematic review of the G-CSF pre-clinical literature to de~ne the impact of G-CSF on outcome in infectious and non-infectious pre-clinical models of sepsis, and in neutropenic and non-neutropenic hosts.
Methods
The Medline database from 1990 to 1998 was searched using the keyword, "Granulocyte Colony-Stimulating Factor", and restricting the search to animal studies published in the English literature. Studies were considered as mortality studies if mortality~gures were quoted, and mortality in at least one of the study groups exceeded 30%, and were considered to provide organ function data if objective results of the physiologic function of at least one organ system (excluding the hematopoietic system) was recorded. Studies were included only if the experimental challenge was a micro-organism (other than a virus or a protozoa) or microbial product, traumatic or burn injury, or pancreatitis.
Results
The literature review identi~ed~fty-eight experimental reports published between 1990 and 1998. There was considerable variability with respect to the animal species used, the nature of the acute challenge, and the use of adjuvant measures, as well as in the methodologic quality of the studies [51] . For those studies that used a mortality endpoint, treatment with G-CSF improved survival in 34 reports, increased mortality in two, and had no impact in seven. It is entirely probable that negative studies are under-represented in the preclinical literature as a result of a well-recognized publication bias that favours the publication of positive studies. Sixteen papers reported studies in animals that had been rendered neutropenic, whereas 43 reported the results of studies in animals with normal circulating neutrophil numbers (one paper evaluated G-CSF under both circumstances).
G-CSF in Microbial Challenge Models
Models were considered to represent a model of systemic microbial challenge if an inoculum of live organisms was administered by the intravenous, intraperitoneal, or intratracheal route in animals that had not been previously exposed to an acute insult.
Systemic Challenge Twenty-two reports evaluated the effects of G-CSF on the response to a systemic challenge with a pathogen; in most cases, animals were pre-treated with the cytokine prior to challenge (Figure 1) . Bene~cial effects of G-CSF administration were reduced or eliminated when G-CSF was given following microbial challenge. For example, Haberstroh studied pigs that received a chronic infusion of Pseudomonas and showed that pre-treatment with G-CSF resulted in reduced temperature, pulmonary artery pressure, and plasma levels of TNF and LPS when compared to saline controls when given prior to bacterial infusion [20] , but not when delayed until three hours following bacterial infusion [21] . The effects of G-CSF in murine Candidiasis were evaluated in seven reports [10, 19, 22, 37, 52, 62, 66] ; in all animals were pre-treated with G-CSF prior to fungal challenge. Survival was increased in six studies; in the seventh, G-CSF afforded protection only when given in association with stem cell factor [62] . The effects of G-CSF on survival were synergistic when used in conjunction with the antifungal agents amphotericin [22] or _uconazole [19] . The survival bene~t was evident in both neutropenic and non-neutropenic mice, and occurred in association with a reduction in numbers of viable Candida, and with a reduction in circulating levels of TNF and IL-1 [37] . G-CSF was evaluated in three studies of Group B Streptococcal infections in neonatal rats. In two of these, the cytokine improved outcome when given to the neonatal animals [7] or to the mother prior to parturition [47] . No bene~t was seen in the third report, despite an increase in circulating neutrophil numbers; intravenous gamma globulin was protective in this study [29] . Pretreatment with G-CSF was also shown to be bene~cial in experimental infections with Listeria [6, 33, 57, 59] , and in a variety of experimental infections with clinically relevant Gram positive and Gram negative organisms [25, 43, 68] .
In summary, animal models using systemic challenge with a ~xed inoculum of organisms generally show that G-CSF reduces microbial numbers and improves survival when given prior to, or concomitant with microbial challenge (Figure 1 ). It is not clear that delayed administration of the agent improves outcome. The bene~cial effects of G-CSF include attenuation of clinical manifestations of sepsis, as well as a reduction in pro-in_ammatory cytokine levels.
Pulmonary Challenge Models The~ndings from the eight studies of the effects of G-CSF in models of pneumonia induced by tracheal instillation of live organisms are more complex. Survival was improved by G-CSF in 5 studies, and worsened in 2; in 3 circumstances no effect was seen (Figure 2 ).
Preheim and colleagues found that treatment of rats with G-CSF improved outcome in experimental pneumococcal pneumonia [54] . On the other hand, mortality was increased in rats challenged intratracheally with E. coli that had received G-CSF [15] , and in mice pretreated with G-CSF that were challenged with Klebsiella pneumoniae [26] . In the latter study, the increased mortality resulting from G-CSF therapy was shown to be a consequence of stimulation of Klebsiella capsular polysaccharide production by the cytokine.
By restoring neutrophil numbers in mice that had been rendered neutropenic by cyclophosphamide, G-CSF improved survival rates following pulmonary challenge with Pseudomonas aeruginosa to those seen in non-neutropenic controls [60] . In this model, G-CSF failed to restore normal phagocytic and killing activities in neutrophils of cyclophosphamide-treated animals; rather its bene~cial effects appeared to be a result of enhanced TNF release from alveolar macrophages, and concomitant treatment with anti-TNF antibody caused increased mortality [60] .
Three papers have evaluated the effects of G-CSF in rodents with alcohol-induced liver injury. G-CSF was shown to enhance neutrophil in_ux into the lung of alcohol-treated rats challenged with Klebsiella, leading to improved survival [38] . On the other hand, G-CSF was without effect in rats with liver injury that Fig. 1 [44] . In none of the studies was there evidence that G-CSF resulted in harm.
. The effects of G-CSF in models of systemic challenge with viable micro-organisms. The strongest evidence of survival bene~t is seen when G-CSF is administered prophylactically prior to infectious challenge; the single report of bene~t for delayed therapy described a model of Tricosporon challenge in the mouse

Fig. 2. The effects of G-CSF in animal models of pneumonia. While prophylactic administration of G-CSF was associated with survival bene~t in 5 studies, therapeutic administration equally resulted in bene~t and harm.
were challenged with the Gram positive organism, S. pneumoniae [54] , [38] .
Finally two studies have evaluated the effects of G-CSF in combination with appropriate antibiotic therapy in animal models of pneumonia. G-CSF increased neutrophil numbers and histologic evidence of tissue in_ammation, but failed to improve mortality or prevent organ injury in a rabbit model of Pasteurella pneumonia [61] . However in a canine model of pulmonary challenge with E. coli, pretreatment with G-CSF in association with antibiotics and _uid resuscitation resulted in lower levels of LPS and TNF, attenuation of cardiac dysfunction, and augmented survival; no benecial effects on bacterial clearance or lung function were evident. In summary, G-CSF has inconsistent effects in the published studies of its effects on survival following intrapulmonary bacterial challenge ( Figure 2 ). Divergent results may re_ect the nature of the challenging species (Gram positive versus Gram negative), the existence of immune compromise, or the concomitant use of antibiotics, however a compelling explanation for the divergent results cannot be ascertained from the small number of published reports.
Intraperitoneal Challenge
Three studies have shown that pretreatment of mice [27] , rats [11] , or dogs [13] with G-CSF consistently improves survival in E. coli peritonitis. G-CSF treatment is associated with reduced systemic, but increased local concentrations of TNF, along with increased neutrophil in_ux, and an improvement in cardiovascular function, re_ected in improved left ventricular function and an elevated mean arterial pressure [13] .
G-CSF in Models of Endotoxin Challenge
Pre-treatment of mice with recombinant human G-CSF has been reported to reduce the lethality of intravenous challenge with LPS (5 mg/kg), and to protect against the development of hepatitis in D-galactosamine-sensitized animals [17] . The bene~cial effects of G-CSF appear to be a consequence of suppression of LPS-stimulated TNF production, and occur despite intact G-CSF-induced priming of neutrophils. Two reports from a single group showed that administration of G-CSF prior to, or concomitant with LPS infusion could attenuate lung leak in a sheep model of endotoxin-induced acute lung injury [23, 36] . In a porcine model of endotoxin challenge, pre-treatment with G-CSF resulted in increased numbers of circulating neutrophils, but had no effect on arterial pressure, oxygenation, or lung leak [14] . Vollmar and co-workers found that, although G-CSF increases leukocyte-endothelial interactions, pre-treatment of rats with G-CSF reduced the LPS-induced adhesion of neutrophils to endothelial cells in the hepatic sinusoids, and blunted the release of pro-in_ammatory cytokines by hepatic Kupffer cells [67] . In a canine endotoxin challenge model, Freeman and colleagues found that pretreatment with G-CSF reduced circulating endotoxin levels, and attenuated endotoxin-induced cardiovascular dysfunction, without reducing TNF levels [16] .
Three reports describe the effects of G-CSF on the pulmonary response to endotoxin challenge. Zhang et al found that G-CSF pre-treatment of rats increased lung neutrophil recruitment and phagocytic capacity in response to endotoxin, without evidence of aggravating lung injury [69] ; similar observations were made by Kanazawa and colleagues in a study performed in guinea pigs rendered neutropenic by pretreatment with cyclophosphamide [31] . In contrast, Terashima reported that lung injury was exacerbated in neutropenic guinea pigs that had been given G-CSF prior to endotoxin challenge [63] .
In summary, endotoxin challenge studies generally do not show evidence of aggravation of local or systemic injury following G-CSF pre-treatment; there are no published reports evaluating the effects of administration of G-CSF following endotoxin challenge (Figure 4) . The data suggest that G-CSF can exert an inhibitory effect on the initiation of a pro-in_ammatory cytokine response; further studies are needed to determine whether this inhibitory in_uence occurs once in-_ammatory gene transcription has been initiated.
G-CSF in Polymicrobial Peritonitis
Eight studies were identi~ed that evaluated G-CSF in models of complex polymicrobial peritonitis induced by cecal ligation and puncture [18, 48, 50, 65] , cecal perforation without ligation [41, 42] or intraperitoneal inoculation of feces [4, 40] . All seven studies that involved the administration of G-CSF (5 in rats, 1 each in mice and pigs) demonstrated a favourable impact on survival. Improved survival was evident when administration of G-CSF was delayed as long as four hours after infectious challenge [41, 42] . Lorenz et al described additional survival bene~t when G-CSF was added to systemic antibiotics [40] , a~nding reproduced by Goya [18] , but not by O'Reilly [48] . Barsig and co-workers found that G-CSF levels are increased in a murine model of fecal peritonitis, and that neutralization of G-CSF increases, while administration of recombinant G-CSF reduces mortality [4] .
In addition to the salutary effects of G-CSF on neutrophil numbers and function, reductions in circulating TNF and endotoxin were observed [41, 50, 40] . Toda further showed that G-CSF treatment led to improved renal and hepatic function, and to reduced pathologic evidence of lung injury [65] . One report found bene~t for G-CSF in a combined model of hemorrhage and CLP [50] .
In summary, studies of the role of G-CSF in models of polymicrobial peritonitis show a highly reproducible bene~cial effect, re_ected in mortality, reduced concentrations of pro-in_ammatory mediators, and reduced organ injury. Moreover bene~t is also seen when therapy is delayed (Figure 3 ).
Multiple Challenge Models
Infections in the critically ill patient often arise as a complication of another life-threatening process, and it has been shown that the response to a second stimulus can be altered by prior exposure to a primary stimulus [35] . Three authors evaluated G-CSF in a 'two-hit' model; all showed outcome similar to those seen in comparable single challenge models. Patton [50] found that animals subjected to hemorrhage and CLP were bene~ted by treatment with G-CSF, while Abraham and Stevens showed that G-CSF improved survival in rats challenged with Pseudomonas following hemorrhage [1] . Freeman and colleagues found that G-CSF worsened outcome for rats challenged with intrapulmonary E. coli, with or without prior hyperoxic lung injury [15] .
Non-Infectious Models of In_ammatory Challenge
The modulatory role of G-CSF has been evaluated in four studies in which the acute challenge was a non-infectious stimulus. In a canine model of acute pancreatitis, Rao et al showed that treatment with G-CSF induced neutrophilia and reduced the number of positive bacterial cultures at distant sites, however it had no effect on rates of translocation to mesenteric lymph nodes [55] . In a murine model of burn injury, pretreatment with G-CSF led to improved survival for animals that had been both burned and given E. coli by gavage; rates of bacterial translocation were not altered [12] . Two studies of G-CSF in rat models of acute lung injury showed that G-CSF worsened survival following lung injury resulting from hydrochloric acid or ANTU [34] , and was without effect in hyperoxic lung injury [5] .
In summary, although G-CSF exerts anti-bacterial effects in models of sterile in_ammation where secondary infection is a prominent feature, it does not help, (and may cause further harm,) in sterile in_ammatory tissue injury.
Human Endotoxemia
Two reports have evaluated the effects of G-CSF in healthy human volunteers given an intravenous bolus of puri~ed endotoxin [49, 53] . Polmächer and colleagues found that the administration of rG-CSF to healthy volunteers 12 hours prior to a bolus of endotoxin increased the LPS-induced release of both pro-and anti-in_ammatory cytokines [53] . Pajkrt evaluated the in-_uence of the timing of administration of G-CSF on the LPS-triggered cytokine response [49] . Administration of G-CSF 24hours prior to LPS challenge resulted in reduced levels of TNF and IL-8, and increased levels of IL-1ra and soluble TNF receptors, whereas administration 2 hours prior to LPS challenge was associated with an exaggerated release of both pro-(IL-8, TNF) and anti-in_ammatory (soluble TNFr, IL-1ra) mediators, and increased subjective symptoms and tachycardia. Both regimens reduced the traf~cking of neutrophils to the lung following endotoxin challenge.
Conclusions
A systematic review of the extensive literature evaluating the used of granulocyte colony-stimulating factor Fig. 3 . The effects of G-CSF in models of monomicrobial or polymicrobial peritonitis. Bene~t was evident whether the cytokine was administered before or after infectious challenge. Moreover none of the studies suggested the potential for harm. Fig. 4 . The effects of G-CSF in animal models of endotoxemia. Most endotoxemia studies did not evaluate the effects of G-CSF on mortality, and bene~t was seen in only one study. Combined with a strong suggestion of harm in non-infectious in_ammatory challenge models, these observations suggest that the most promising clinical role for G-CSF is in clinical disorders where uncontrolled or inadequately controlled infection occurs.
in pre-clinical models of infection and acute in_ammation provides a number of insights int its in vivo activity that are of potential relevance to the design of human trials of this agent.
G-CSF reliably induces neutrophilia and increases local neutrophil traf~cking to the site of an infectious challenge in both neutropenic and non-neutropenic models of sepsis; neutrophil phagocytosis and killing of bacteria also is improved by G-CSF therapy. When administered prior to the in_ammatory challenge, G-CSF has been shown to exert an anti-in_ammatory in_uence, reducing systemic levels of pro-in_ammatory mediators such as endotoxin [41, 50] , tumour necrosis factor [41] , and interleukin-1 [37] . This effect may be a consequence of better compartmentalization of the in_ammatory response, since levels of TNF at the site of the infectious challenge are increased [27, 60] .
The bene~cial effects of G-CSF are also seen as improvements in the organ dysfunction resulting from the experimental challenge [13, 65] , and its anti-in_ammatory effects are mirrored in a reduction in acute lung injury [36] .
The most consistent evidence of bene~t for G-CSF is found in models of intra-abdominal infection, induced either by the intraperitoneal injection of a de~ned inoculum of organisms, or by the production of fecal peritonitis. Bene~t is seen whether G-CSF is administered prior to, or at a clinically relevant interval following the infectious challenge, and mechanistic data are consistent with the hypothesis that G-CSF improves local peritoneal defenses, and minimizes systemic bacterial spread. On the other hand, evidence of potential harm is greatest in non-infectious models of acute in_ammation. Findings in models of pneumonia are inconsistent, with evidence of harm as well as of bene~t; harm may be a consequence of unexpected interactions with particular bacterial strains [26] or of inhibition of TNF release from alveolar macrophages [60] .
The pre-clinical literature on G-CSF, therefore, suggests that the most promising area for clinical evaluation may be in patients with bacterial peritonitis, in the neutropenic host, or in the immunocompromised patient with disseminated fungal infection. In contrast, current clinical trials with this agent have focussed on patients with community-acquired or nosocomial pneumonia. Optimal makers of the biologic activity of G-CSF are not clear, however improvements in organ dysfunction, increases in neutrophil counts, evidence of bacterial clearance, improvements in neutrophil phagocytosis and killing, and reductions in circulating levels of TNF and LPS all predict a favourable effect on mortality in animal models.
